The recognition of phosphatidylserine (PS) on the surface of any apoptotic cell is considered to be a key event for its clearance. We challenge this concept by showing that pretreatment of neutrophils with either host or bacterial protease affects their uptake by human monocyte-derived macrophages without having an effect on cell-surface PS presentation. Specifically, whereas preincubation of apoptotic neutrophils with cathepsin G or thrombin significantly inhibited their uptake, gingipains R or clostripain enhanced phagocytosis by macrophages. Moreover, bacterial proteinases sensitized healthy neutrophils for uptake by macrophages, whereas endogenous proteinases were unable to elicit this effect. This stimulation was apparently owing to the combined effect of proteolytic cleavage of an antiphagocytic signal (CD31) and the generation of a novel 'eat-me' signal on the neutrophil surface. These results argue that neutrophil recognition and phagocytosis by macrophages is mediated by a protein ligand whose proteolytic modification could affect the local inflammatory process.
Successful uptake of an apoptotic cell requires recognition of 'eat-me' signals exposed on the surface of the dying cell by specific receptors on macrophages. The best characterized system constitutes the recognition of phosphatidylserine (PS), which is relocated from the inner to the outer surface of the plasma membrane during apoptosis, by a specific PSreceptor (PS-R) on the phagocyte. Despite a growing body of evidence contradicting the absolute requirement of PS exposure for recognition of apoptotic cells by professional and/or amateur phagocytes, it is still generally accepted that PS plays a key role in successful clearance of apoptotic cells. 1, 2 In addition, according to a new paradigm, a two signal, 'tether and tickle' mechanism is involved in apoptotic cell clearance. 3 Tethering can be provided by binding of a receptor on phagocytes with ligands on dying cells. A large variety of receptor molecules including PS-R, CD14, CD68, class A scavenger receptor, ATP-binding cassette transporter 1, complement receptors, integrin a v b 5 , and a v b 3 /CD36/thrombospondin (TSP) complexes have been reported to participate in the recognition of apoptosis-specific ligands to mediate the clearance of apoptotic cells. 4 These receptors interact either directly with their ligands or through bridging molecules, many of which are known as PS-binding proteins. 5 Depending on the cell type, 'eat-me' signals include altered carbohydrates, oxidized lipids, and undetermined binding sites for TSP and collectins (e.g. mannose binding lectin, surfactant protein A, and C1q). 6 Together with the panel of bridging molecules and recognition receptors, a complex interface is formed between the phagocyte and the target cell, recently referred to as the 'engulfment synapse'. 5 Owing to the modality of its components, it is postulated that the synapses are unique for each interacting cell type. Nonetheless, it is suggested that only the direct ligation of PS-R on phagocytes to PS delivers a 'tickle' sign indispensable for triggering an uptake of apoptotic cells. 7 The pathways of apoptotic polymorphonuclear leukocytes (neutrophil) (PMN) clearance must be extremely efficient as PMNs are one of the shortest-lived cells. In addition, they constitute the first line of antibacterial defense, hence it is critical that the circulating and tissue patrolling population of PMNs is always fully functional and ready to ingest and kill invading organisms. In humans, this state of constant readiness is sustained by a continuous supply of fresh cells released from the bone marrow into the blood stream at a rate of 10 million cells per minute. The half-life of PMNs in circulation is very short (6 h ) and under homeostatic conditions, they are removed by the reticular-endothelial system of the spleen and the bone marrow 8 or migrate into the tissues to meet their nemesis. At the inflammation foci, PMN numbers within the tissue can be extremely high not only because of targeted influx from the circulation but also because their constitutive apoptotic pathway is delayed by local inflammatory mediators. This is apparently the case in inflammatory gum disease, where even in the minimally-inflamed gingiva, accumulation of 2.5 Â 10 7 PMN/ ml is observed. 9 At this perimeter, PMNs constitute the most important protection against bacteria embedded in dental plaque on the tooth surface. Consequently, even very mild forms of PMN dysfunction can predispose affected individuals to severe forms of periodontitis. 10 However, it has also been well documented that tissue damage associated with periodontal disease is related to extensive accumulation of PMNs and the release of their destructive hydrolytic enzymes. [11] [12] [13] In this context, it is interesting to note that large number of PMNs in gingival crevicular fluid are found at different stages of necrosis. 14, 15 This may indicate that either the apoptotic program or clearance pathways of dying PMNs are malfunctioning at periodontal sites.
Disturbance of uptake of the apoptotic PMNs can be pivotal to the level of tissue damage sustained as the nonphlogistic clearance of dying cells by phagocytes is thought to be critical for the final resolution of acute inflammation. It not only prevents the uncontrolled release of proinflammatory intracellular contents of dying PMNs, but also converts the macrophage phenotype from pro to anti-inflammatory. 4 Although in the physiological state, more PMN apoptotic corpses than any other cell type must be removed constantly, the mechanism involved in this process is still controversial. It was suggested that non-stimulated macrophages are supposed to remove aged PMNs utilizing the a v b 3 /CD36/TSP complex. 16, 17 Conversely, it has been shown that glucanactivated macrophages clear apoptotic PMNs through the PS-PSR interaction. 18, 19 Over time, however, a significant mass of evidence emerged questioning the physiological significance of either of these two mechanisms. [20] [21] [22] Both suggested mechanisms do not take into account that at the infection site, the clearance of dying PMN may occur in a highly proteolytic milieu. Indeed, periodontal disease-affected gingival tissues and fluids contain significant amounts of proteolytic activity released by periodontopathogens and host cells. In several cases, it was shown that the level of protease activity in the gingival crevicular fluid correlates with severity of periodontal disease. [23] [24] [25] [26] Consequently, in this report we have investigated the effect of proteolytic enzymes abundant in gingival crevicular fluid, both periodontopathogen-and host-derived, on PMN clearance by macrophages. Whereas preincubation of apoptotic PMNs with host-derived cathepsin G (CG) practically abolished their clearance by macrophages, Arg-Xaa specific proteases (gingipains R) of a major periodontopathogen, Porphyromonas gingivalis, exerted a divergent effect. They not only enhanced the uptake of dying cells, but also sensitized healthy PMNs for ingestion by macrophages in a PS-independent manner. Such a protease-induced change in PMN recognition and clearance may have an impact on periodontitis development. Moreover, against the current paradigm, PMN ingestion by human monocyte-derived macrophages (hMDM) can occur independently of PS exposure and in the same way, trigger anti-inflammatory responses.
Results
A high throughput quantitative assay for uptake of apoptotic PMNs by macrophages. To study the effect of proteolytic enzymes on the clearance of apoptotic PMN by macrophages, we have designed a novel method to measure the uptake of these cells. The assay is based on the detection of PMN-derived neutrophil elastase (NE) activity in macrophages that have engulfed PMNs. In preliminary experiments, we have determined that the level of NE activity does not change during spontaneous apoptosis of PMN (data not shown) in accordance with an earlier observation that NE activity is preserved during apoptosis of PMNs and that this enzyme does not leak from apoptotic cells. 27 Furthermore, the level of endogenous NE activity of macrophages, 28 estimated at a level of at least four orders of magnitude lower than that measured in PMNs, 29 was found not to interfere with our assay. In this method, at a predetermined time point after coculturing of the cells, the hMDM monolayer was washed free of noningested PMNs and the whole culture lysed with detergent instead of being stained for myeloperoxidase (MPO) activity. Subsequently, the lysate was assayed for NE activity using chromogenic substrates. The level of NE activity was found to be proportional to the intensity of phagocytosis over a broad range of hMDM : apoptotic PMN ratios and the assay could detect as few as 50 ingested PMN ( Figure 1 ). As expected, the uptake of fresh PMNs was negligible after their incubation with hMDM. At the ratio of hMDM : fresh PMN of 1 : 20, the NE activity never exceeded 15% of the activity determined in the lysate of the hMDM monolayers cocultured with the same ratio of apoptotic PMN.
In comparison with the conventional microscopy-based assay for the phagocytic index involving the histochemical staining and counting of macrophages for PMN-derived MPO activity, the new NE assay correlated very well (Figure 1) . Moreover, the NE-based assay was significantly more reproducible than the MPO staining method, especially at high hMDM : PMN levels. Also, it allowed for the detection and quantification of ingested PMNs even after they had been partially broken down by macrophages. Furthermore, in contrast to the tedious and time-consuming task of counting for PMN-engulfed macrophages, our method yields a fast, simple and objective determination of phagocytosis intensity on a large scale. The variability of the NE-based method, reflected by standard deviation in Figure 1 was significantly smaller than that of the classic assay, and was primarily due to differences in intracellular NE content in PMNs among blood donors and variation in the level of NE inhibitors in macrophages and/or PMN cytoplasm. 30 In experiments with freshly isolated PMNs, the major contribution to the observed background was the percentage of spontaneously apoptotic PMNs in the circulation which also varies among donors.
Preincubation of PMNs with gingipains stimulates their phagocytosis. As application of the NE-based assay would be skewed if the test conditions cause PMN degranulation, we have first assessed the effects of P. gingivalis major proteinases on NE release by PMNs. At concentrations up to 500 nM, none of gingipains tested caused any significant NE release during 1 h incubation with PMN suspension (data not shown). Next, to determine the effect gingipains have on phagocytosis of PMNs by macrophages, both fresh and apoptotic PMN were preincubated with gingipains (high molecular mass arginine-specific gingipain A (HRgpA), arginine-specific gingipain B (RgpB), and lysine-specific gingipain (Kgp)), followed by feeding to hMDM. Both resting and glucan-activated hMDM were used in the experiments described below, yielding identical results. It was found that the uptake of apoptotic PMN was stimulated in a time-and concentration-dependent manner by pretreatment with RgpB ( Figure 2a) . After 1 h of preincubation, a significant stimulatory effect was observed at a concentration of RgpB X30 nM, but was maximal when apoptotic PMNs were exposed to 300 nM RgpB. At the later concentration, the intensity of phagocytosis reached a plateau at a level twofold higher than the uptake of control, nontreated cells. It is remarkable that fresh PMNs, which normally are not recognized as a target for ingestion by macrophages, become rapidly phagocytosed after being exposed to RgpB (Figure 2b) . In parallel to the engulfment of apoptotic cells, the uptake of fresh PMNs was induced by RgpB in a similar time-and concentration-dependent manner. In this case, however, the effect was significant only at 100 and 300 nM enzyme concentration (Figure 2b) . After 1 h preincubation with 300 nM RgpB, the uptake level of fresh PMN by macrophages was comparable to the intensity of phagocytosis observed for apoptotic cells.
As our NE activity-based method, like the classical method of MPO staining, cannot distinguish well between bound and ingested cells, we have applied flow cytometry analysis to confirm that RgpB treatment of viable fresh PMN promotes their phagocytosis by macrophages. Fluorescently stained, both fresh and apoptotic PMN, treated or untreated with gingipains were cocultured with adherent macrophages and nonengulfed cells removed by washing. Macrophages were detached by trypsinization and subjected to flow cytometric analysis. As clearly shown in Figure 2c , RgpB treatment of viable PMNs provoked their uptake by hMDM which is in stark contrast to nontreated PMNs. Also, in corroboration with the NE-activity-based assay, preincubation of apoptotic PMNs with RgpB significantly enhanced their uptake by macrophages (Figure 2d and Supplementary Figure S1) .
The final proof that RgpB treatment promotes phagocytosis of fresh viable PMN was provided by transmission electron microscopy (TEM) and confocal microscopic analysis of macrophages fed with fluorescently labeled neutrophils. A representative set of TEM images showing hMDMs engorged with healthy-looking PMNs is presented in Figure 3 . The fact that RgpB-treated PMN are ingested by macrophages is further supported by confocal images presented in the supplement. Very few if any fresh, control PMN were engulfed by hMDM but after RgpB pretreatment, most macrophages harbor at least one neutrophil intracellularly (Supplementary Figures S2 and S3 ). Only occasionally, a surface-bound neutrophil was observed; arguing against possibility that gingipain treatment induces only adherence of PMN to hMDM without engulfment. Significantly, ingested gingipain-treated PMNs have clearly different morphology than the ingested, control apoptotic cells (Supplementary Figure S2bc) . Furthermore, prolonged cultivation of hMDMs with engulfed fresh PMNs resulted in PMNs digestion into an amorphous material with no resemblance to apoptotic bodies, thus providing further proof of their localization within phagolysosomes (Supplementary Figure S3) .
The other Arg-specific gingipain produced by P. gingivalis, HRgpA, was also shown to efficiently stimulate uptake of apoptotic PMNs and induce engulfment of fresh PMNs, both to the same level as RgpB (Figure 2e ). However, in contrast to Rgps, pretreatment of PMN with Kgp, the lysine-specific protease, did not have any significant effect on the ingestion of these cells by macrophages. This observation suggests that stimulation of phagocytosis by Rgps is dependent on the proteolytic activity and specificity of the gingipains. This assumption was confirmed by exposure of PMN, both fresh and apoptotic, to 300 nM of active, non activated (in the absence of reducing agent), or specific inhibitor pretreated RgpB and HRgpA. The results from this experiment clearly indicate that the effect of HRgpA and RgpB on phagocytosis of both apoptotic (data not shown) and fresh PMN (Figure 2f ) is dependent on the proteolytic activity of these gingipains. The same observation was apparent from flow cytometry analysis of the phagocytosis of fluorescently labeled PMNs treated with active and inactive protease (data not shown).
There are two alternatives as to how Rgps can exert their effect. They can either proteolytically modify the PMN cell surface or act intracellularly after being internalized. To distinguish between these two vastly distinct modes of action, we determined the recovery of active RgpB after 1 h incubation with both fresh and apoptotic suspensions of PMN. In both cases, RgpB was quantitatively recovered in supernatants from the suspension after PMN were removed by centrifugation (data not shown). This result argues in favor of the fact that gingipains act on the PMN cell surface.
Treatment with gingipains does not induce apoptosis of PMNs. A distinctive and early feature of cell apoptosis is the exposure of PS on the outer leaflet of the plasma membrane, 31 which constitutes an 'eat-me' signal for neighboring phagocytes. In this context, gingipain-induced apoptosis of fresh PMN, and the subsequent surface PS exposure may explain the observed induction and enhancement of recognition and clearance of these cells by macrophages. Therefore, we have carefully studied the PS exposure on fresh and apoptotic PMNs after gingipain Apoptotic (a) or fresh (b) PMNs were treated with indicated concentrations of RgpB for up to 120 min at 371C in the presence of 5% human serum. Cells were washed with fresh medium to remove gingipains before being added to macrophages cultures at 2 Â 10 6 cells/well (PMN : hMDM ratio ¼ 20 : 1) of 24-well plate in media with 10% human serum. After 2 h of incubation at 371C, cell lysates were assayed for NE activity as described in Materials and Methods. The effect of RgpB on promoting/stimulating uptake was analyzed by flow cytometry using fluorescently labeled (with PKH26) fresh (c) and apoptotic (d) PMNs preincubated with 300 nM RgpB (thick line) or with the vehicle alone (thin line). The gray area represents the macrophage control. To compare the effect of HRgpA and Kgp to that of RgpB on PMN phagocytosis (e) and establish the dependence of gingipains action on their proteolytic activity (f), fresh or apoptotic cells were treated with each proteinase at 300 nM for 1 h and processed as described above. For the proteolytic-activity dependence assay, HRgpA and RgpB were used in either their active form, nonactivated or pretreated with specific inhibitors. Data are mean7S.D. from three independent experiments, each performed in triplicate: *Po0.05; **Po0.01; ***Po0.001 significance as compared to untreated controls treatment. The level of PS on the PMN surface was evaluated by staining with FITC-conjugated Annexin V followed by flow cytometry analysis. The treatment of fresh PMNs with 300 nM HRgpA, RgpB, or Kgp for 1 h did not affect binding of Annexin V, which remained at the same level as in nontreated PMNs (Figure 4a ). In addition, gingipains treatment was without any deleterious effect on the viability of PMNs, as clearly indicated by a propidium iodide (PI) exclusion test (Figure 4a ). The same observation was made after treatment of spontaneously apoptotic PMNs with gingipains ( Figure 4b ). In light of these results, it is evident that the treatment of PMN with gingipains does not affect PS distribution at the cell surface and has no cytotoxic effect on PMNs.
To rule out the possibility that gingipains may affect the later stages of spontaneously occurring apoptosis, we have also analyzed and compared DNA integrity of the RgpB-treated and untreated PMNs. For this purpose, both fresh and apoptotic PMNs, treated with RgpB or not (control cells) were labeled for DNA nicks using the terminal dUTP nick end labeling (TUNEL) kit and subjected to flow cytometry analysis. In addition, total DNA was isolated 24 h after exposure of fresh or apoptotic PMNs to RgpB and electrophoretically analyzed. As presented in Figure 4c , there were no DNA nicks in fresh PMN treated with gingipains (TUNEL-negative) and gingipain treatment did not affect the TUNEL positivity of apoptotic PMNs (Figure 4d ). In corroboration with the flow cytometry analysis, viable gingipain-treated PMNs were also TUNEL negative in fluorescence microscopy (data not shown).
Finally, in accordance with the TUNEL data, treatment with RgpB had no effect on the process of DNA fragmentation (Figure 4e) .
Cumulatively, these data strongly argue that gingipain stimulation of apoptotic PMN clearance and induction of uptake of fresh PMN is unrelated to typical changes associated with apoptosis, especially general PS redistribution to the cell surface.
Stimulation/induction of PMN clearance by macrophages is unique for gingipains R and their related homolog. In order to determine whether the effect of induction and/or upregulation of phagocytosis of PMNs can be exerted by other proteinases, especially serine proteinases released from activated PMNs, both fresh and apoptotic PMNs were pretreated with several enzymes including elastase, CG, trypsin, thrombin and clostripain, washed, and fed to macrophages. Both resting and glucanstimulated hMDM were used in these experiments, yielding similar results. To avoid a proteinase-quenching effect owing to the presence of inhibitors in human serum, these experiments were performed in media supplemented with bovine serum albumin (BSA). Except for clostripain (Figure 5a ), none of the tested proteinases were able to enhance PMN uptake by macrophages. Indeed, CG in a concentration-dependent manner (Figure 5b ) and to a lesser extent, thrombin and trypsin (Figure 5c ) significantly depressed phagocytosis of apoptotic PMN by hMDM. None Figure 3 Ultrastructural (TEM) analysis of different stages of phagocytosis of healthy RgpB-treated PMNs by macrophages (hMDMs). Individual panels show (a) freshly isolated, RgpB-treated PMN with characteristic segmented nucleus (n) and variety of cytoplasmic granules; (b) two PMNs engulfed within the phagocytic cup, arrows pointing at the PMN intact cell membrane; (c) fully engulfed PMN, black arrowheads indicate the intact nuclear membrane; (d) digested PMN within a macrophage, arrowheads point at remnants of PMNs. M, the macrophage nuclei. Scale bars represent 2 mm of these enzymes affected the PS exposure on the PMN surface (data not shown).
The opposite, proteolytic activity-dependent effect of CG, thrombin, and trypsin preincubation on engulfment of apoptotic PMN and the lack of any effect on uptake of fresh cells argues against engagement of proteinase-activated receptors (PARs) in gingipain-dependent enhancement of PMN clearance by hMDM. These three proteinases are known to be agonists of PAR-2, an abundant PAR on PMNs, which has also been reported to be activated by Rgps. 32 Accordingly, a PAR-2 agonist peptide (RAP) exerted no effect on PMN interaction with macrophages ( Figure 5c ). Taken together, these data clearly indicate that upregulation of phagocytosis of fresh or apoptotic PMNs by Rgps did not depend on activation of the PARs.
Significantly, the only proteinase aside from the gingipains that was capable of enhancing the uptake of apoptotic PMN by macrophages was clostripain (Figure 5a ), a cysteine protei- nase which is structurally and functionally related to Rgps. 33 This proteinase was able to induce the phagocytosis of fresh PMNs and stimulated clearance of apoptotic PMNs to the same level as RgpB. As in the case of Rgps, the effect was dependent on enzyme activity and nonactivated clostripain did not alter PMN clearance (Figure 5a ). As all these comparative experiments were performed in the absence of human serum, it is important to note that the observed effects on PMN clearance by gingipains, clostripain, and serine proteases do not depend on proteolysis or cobinding of some human serum constituents but are exerted by direct proteolytic modification of PMN surface proteins.
Both CG and RgpB cleave CD31, but while gingipain generates an 'eat-me' signal, CG destroys it. It was shown that CD31 acts as an antiphagocytic signal, which protects healthy cells from being accidentally engulfed by phagocytes. 34 Therefore, we assumed that the cleavage of CD31 by RgpB may be responsible for enhanced clearance of PMNs. Indeed, this molecule was efficiently cleaved in a time-and concentration-dependent manner from both healthy (Figure 6a and b) and apoptotic cells (data not shown) by RgpB, and even more efficiently by CG (Figure 6c  and d) . Western blot analysis of the concentrated growth media could not detect the accumulation of released CD31 (data not shown), indicating that the receptor was proteolytically degraded by both RgpB and CG either on the cell surface and/or after being released into the medium. Paradoxically, however, preincubation of apoptotic PMNs with CG almost totally abolished their clearance by macrophages (Figure 5b) . To eliminate the possibility that the effect was exerted through the cleavage of a macrophage Cells were washed with culture medium at 41C to remove proteinases before being added to macrophage cultures at 2 Â 10 6 cells/well (PMN : hMDM ratio ¼ 20 : 1) of a 24-well plate in medium with 10% human serum and incubated for 2 h at 371C. NE activity was measured in cell lysates as described in Materials and Methods. Clost, active clostripain; Clost na, nonactivated clostripain. Data are the mean7S.D. from two independent experiments, each performed in triplicate: *Po0.05; **Po0.01; ***Po0.001 significance as compared to untreated controls receptor involved in clearance by CG associated with the PMN surface, 35, 36 CG-treated PMNs were incubated with Suc-Ala-Pro-Phe-cmk, a potent CG inhibitor, before being cocultured with macrophages. Such treatment did not improve engulfment of CG-treated PMNs indicating that the enzyme apparently proteolytically inactivates an 'eat-me' signal(s) on the cell surface of PMNs (data not shown).
To investigate the susceptibility of the 'eat-me' signal to proteolytic degradation by CG, both fresh and apoptotic PMNs after being treated with RgpB were preincubated with CG and then fed to macrophages. In both cases, such sequential treatment abolished the ingestion of PMNs by macrophages. The same effect was observed when PMNs were treated in the reverse order, first with CG followed by RgpB (Figure 7) . These results argue that CG destroys not only the 'native' and the gingipain-generated 'eat-me' signals, but it also degrades the unknown precursor to the gingipain-processed 'eat-me' signal on fresh PMN. Furthermore, our data clearly indicate that although CG and RgpB shed CD31 from the PMN surface with similar efficiency, this proteolytic event alone is not sufficient to trigger PMN engulfment by macrophage. Apparently, the effective cell ingestion requires expression of the 'eat-me signal' which is generated by RgpB but destroyed by CG.
Uptake of RgpB-treated PMN by hMDM is independent of several receptors but is blocked by PS liposomes.
Several different receptors on macrophages have been implicated in the recognition and/or uptake of apoptotic cells. To test the possibility that one of these pathways is involved in the engulfment of RgpB-treated PMN, hMDM monolayers were preincubated with and PMN phagocytosis performed in the presence of ligands known to block uptake of apoptotic cells by macrophages (Figure 8) . Interestingly, none of the neutralizing mAbs specific for CD14, CD36, ICAM-3, TSP, or calreticulin (CRT) nor inhibitory soluble ligands such as RGDS peptide and methylamine-treated a 2 M (for vitronectin receptor (a v b 3 ) and CD91, respectively), affected the uptake of RgpB-treated PMN by hMDM. Consistent with the lack of effect of methylamine-treated a 2 M, the presence of the soluble receptor of this protein (sCD91) was also unable to inhibit PMN phagocytosis. Similarly, neither RgpB nor CG treatment changed the level of the Annexin I on PMN (data not shown) arguing against the possibility that these proteases affected Annexin Idependent pathway of apoptotic cell clearance. 37 Interestingly, among all investigated compounds only PS, but not phosphatidylcholine (PC) abolished uptake of both fresh and apoptotic PMN pretreated with RgpB ( Figure 8 ). This was an unexpected finding as PS is absent from the surface of fresh, healthy PMN preincubated with RgpB ( Figure 4a ).
Phagocytosis of gingipain-treated PMNs is nonphlogistic. Several reports have indicated that uptake of apoptotic cells change the macrophage phenotype from proto anti-inflammatory (extensively reviewed by Savill et al. 4 and Gregory and Devitt 38 ). Therefore, it was important to test the response of hMDM to contact with gingipain-treated PMNs. As expected, phagocytosis of apoptotic PMNs, both control or gingipain-treated, decreased TNF-a secretion by LPS-stimulated macrophages ( Figure 9 ). Significantly, fresh Figure 8 Phagocytosis of RgpB-treated PMNs by hMDMs is effectively blocked only by PS-containing liposomes. hMDMs were preincubated with compounds known to block apoptotic cell clearance, including methylamine-treated a 2 -macroglobulin (a 2 M*), RGDS peptide and PS, and mAbs specific for CD14, ICAM-3, CRT, CD36, TSP. Conversely, RgpB-treated PMNs were preincubated with the soluble CD91 receptor (sCD91). Incubation with the RGES peptide and PC were used as controls since neither compound affects phagocytosis of apoptotic cells. After preincubation with the inhibiting ligand, PMNs were added to hMDM culture and their uptake determined using the NE activity assay. Data are mean7S.D. from three independent experiments, each performed in triplicate: ***Po0.001 significance as compared to untreated controls PMNs preincubated with RgpB also suppressed LPSinduced TNF-a release by hMDM to the level exerted by phagocytosis of apoptotic PMNs, whereas nontreated healthy PMN gave no such effect ( Figure 9 ). Without LPS stimulation, preincubation of hMDM with PMNs, fresh or apoptotic, treated or untreated with RgpB did not result in any significant TNF-a production (data not shown).
Discussion
Here, we demonstrated that PS is not absolutely required for the uptake of PMNs by hMDM. First, preincubation of apoptotic PMNs with CG totally abolished their clearance without affecting the level of PS exposure on the cell surface. Second, fresh, healthy PMNs exposed to bacteria-derived proteases were sensitized for very efficient uptake despite no significant exposure of PS on the cell surface or induction of necrotic change. In both cases, the effect was entirely dependent on proteolytic activity arguing for proteolytic modification of surface molecules, but while Rgps and clostripain generated an 'eat-me' signal, CG destroyed it. The vastly divergent effect of CG and Rgp treatments could be due to the differences in substrate specificity for each enzyme: CG prefers to cleave after bulky hydrophobic residues, whereas Rgps cleave exclusively at the carbonyl side of arginine. The availability of these residues in vulnerable sites on a protein will dictate whether these enzymes can cleave the protein and modify its behavior. Therefore, it seems apparent that the 'eat-me' ligand(s) generated on enzyme-treated PMNs is a protein recognized by a receptor(s) both on resting and glucan-stimulated hMDMs. The identity of this ligand(s) remains to be elucidated, but it is clear that it is not ICAM-3 39 or Annexin I, 37 which have both been implicated in apoptotic cell clearance. Moreover, the classical inhibitory study of apoptotic cell engulfment by phagocytes using a panel of blocking antibodies and ligands strongly indicated that a gingipain-generated ligand was not recognized by CD14, CD91, or components of the a v b 3 /CD36/TSP complex. The involvement of other bridging molecules, including serum proteins and macrophage-derived opsonins or proteolytically modified serum components in generation of the 'eat-me' signal by gingipains can be excluded as soluble opsonins are removed by hMDM culture medium replacement with the PMN suspension and the same results were obtained in both the presence and absence of serum. The relation of this novel ligand to molecules exposed on the surface of spontaneously apoptotic PMNs needs to be elucidated. Collectively, the presented data indicate that the 'tether and tickle' mechanism, 3 in which PS triggers macrophage to ingest apoptotic cells tethered by other receptor-ligand interactions is not an exclusive pathway of the clearance of dying PMNs by hMDM.
The other key consequence of phagocytosis of apoptotic cells by macrophages is the suppression of production of inflammatory mediators, both in vitro and in vivo. [40] [41] [42] Also in this process, the interaction between PS and its specific receptor on macrophage is suggested to be a prerequisite for stimulation of the anti-inflammatory response. Again, our data argue against the fact that PS exposure on the external cell membrane is a critical structure required for apoptotic PMNs to quench the production of TNF-a by LPS-stimulated hMDM. Ingestion of gingipain-treated healthy PMNs without PS on the cell surface had the same anti-inflammatory effect as phagocytosis of apoptotic cells. In total, these results indicated that the most likely signal to switch off the proinflammatory cytokine production may be delivered by interaction of a protein ligand(s) with a receptor(s) on the phagocyte. This suggestion has support from observations that the ligation of the CD36 receptors in monocytes caused reduction in TNF-a and a simultaneous increase in IL-10 production. 40 The PS-independent clearance of apoptotic PMN is surprising in the light of the fact that among several compounds known to interfere with uptake of apoptotic cells, only PS liposomes are capable of inhibiting ingestion of RgpBtreated PMN. A plausible rationalization of this ambiguity may rely on the assumption that PS liposomes inhibit the classic mechanism involving PS, in which PS is exposed in the engulfment synapse in response to RgpB-treated PMN to physical contact with the macrophage. However, a detailed investigation of membrane dynamics in the engulfment process is beyond the scope of this paper. On the other hand, the apparent contradiction could be explained by PS liposomes binding to a receptor(s) specifically recognizing the novel, protease-sensitive 'eat-me' ligand on the PMN surface. Liposome association with a receptor(s) apparently hinders the interaction between the receptor and the proteinaceous ligand. Indeed, several apoptotic cell clearance receptors, including the a 2 M*/LDL-receptor (CD91), scavenger receptors (CD36), and PS-R directly recognize PS on apoptotic cells. One or more of these receptors may interact with the novel proteinaceous ligand. This molecular event alone is apparently sufficient to tether PMN to macrophages and not only trigger PMN cell uptake but also anti-inflammatory signaling. The relationship between the novel protease-sensitive ligand(s) to ligand(s) expressed during apoptosis is unknown Figure 9 Ingestion of RgpB-treated PMNs by hMDM suppresses LPS-induced TNF-a production. Macrophages were allowed to phagocytose treated and untreated PMNs for 2 h and after noningested cells were washed out, macrophages were stimulated with LPS for 18 h. Culture supernatants were collected and TNF-a concentration was determined by ELISA. Data are the mean7S.D. from three independent experiments, each performed in duplicate: **Po0.01 significance as compared to untreated controls but the sensitivity of the latter to CG inactivation indicates its proteinaceous nature. In many regards, the proteinaceous ligand-dependent clearance of PMNs described here differs considerably from clearance of other apoptotic cells in which a different receptor-ligand interaction is required for the different phases of clearance. Moreover, in the case of other cells, the PS-PS-R ligation is the key event in phagocytic and antiinflammatory signaling. It can be argued that as PMNs are loaded with proteolytic enzymes that are capable of causing liquefaction of the soft tissue, a special, nonredundant pathway of clearance has been developed to effectively clear aging PMNs before the cell membrane integrity is compromised and the damaging proteases are released. In humans, under physiological conditions such a mechanism in conjunction with other pathways of clearance acts to remove 10 11 PMNs daily.
The failure of apoptotic cell clearance has daring consequences including the development of systemic autoimmune diseases, specifically, failure to remove PMN nonphlogistically may contribute and/or aggravate chronic inflammatory diseases such as rheumatoid arthritis, non-CF bronchiaectasis, and cystic fibrosis. In lung diseases, apoptotic PMN accumulation is suggested to be owing to elastase and CG interference with phagocytosis of apoptotic cells by alveolar macrophages. The mechanism by which CG hinders apoptotic PMNs uptake is unknown but it has been shown that the elastase effect is exerted by shedding of PS-R. 43 However, our data strongly suggest that degradation of the 'eat-me' signal on apoptotic PMNs by CG may also significantly contribute to retention of apoptotic cells in the lungs. Furthermore, a similar scenario can be envisioned in periodontitis. At this location, the situation is additionally complicated by tagging of healthy PMNs for clearance through cleavage of the repelling signals provided by CD31 and the generation of a novel 'eat-me' signal by the exogenously derived gingipains. This may lead to decrease in numbers of functional PMNs and facilitate the site colonization by P. gingivalis. However, once the milieu gets saturated with proteinases released from PMNs, the PS-Rdependent and -independent pathways of quenching inflammation are unlikely to be operative and inefficiently cleared apoptotic cells would be subject to secondary necrosis, thereby, further fueling persistent inflammation: a hallmark of chronic periodontitis. This scenario fits very well into the clinical picture of adult onset of periodontal disease where high levels of proteolytic activity, both PMN and P. gingivalis derived, are present in the gingival exudates together with large numbers of necrotic PMNs. 11, 15, 44 Thus, periodontitis can be considered as another example of inflammatory disease caused by proteinase-induced dysfunctional clearance of apoptotic cells.
Materials and Methods
Cells. hMDM were obtained from peripheral blood mononuclear cells (PBMCs). Briefly, PBMCs were isolated from human blood using a Ficoll-Paque (Pharmacia, Uppsala, Sweden) density gradient and plated at 3 Â 10 6 /well in 24-well plates (Sarstedt, Newton, NC, USA) or Primariat 24-well plates (Becton Dickinson, Franklin Lakes, NJ, USA) in RPMI1640 (Gibco) supplemented with 2 mM L-glutamine, 50 mg/ml gentamycin (Sigma), and 10% pooled heat-inactivated human AB serum. After 24 h, non-adherent PBMCs were removed by washing with complete medium, and adherent cells were cultured in this medium for 7 days with fresh medium changed every 2 days. For some experiments, MDMs were stimulated with 25 mg/ml b-1,3-glucan (Sigma) suspended in culture medium. After 48 h, the MDMs were washed twice with RPMI to remove noningested particles before PMNs were added for phagocytosis. For confocal microscopy analysis, macrophages were cultured on glass coverslips in 6-well culture plates (Sarstedt, Newton, NC, USA).
PMN cells were isolated from erythrosediments by sedimentation of red cells in 1% polyvinylalcohol solution (Merck, Hohenbrunn, Germany) for 20 min at room temperature. PMNs were collected from the upper layer and contaminated erythrocytes lysed with distilled water for 20 s. Pappenheim-staining indicated that cells isolated in this way were at least 90% homogenous. PMN were used immediately after harvest (fresh, non-apoptotic) or after incubation for 24 h in RPMI1640 supplemented with L-glutamine (2 mM), gentamycin (50 mg/ml), and 5% heat-inactivated FCS (Gibco) in a humidified atmosphere containing 5% CO 2 at 371C (aged, apoptotic). The percentage of Annexin V-positive and PI-negative cells in populations of fresh and aged PMN ranged from 1 to 7% and 45 to 78%, respectively, and the proportion of PI-positive cells did not exceed 15%.
Detection of apoptosis. Externalization of anionic phospholipid PS, an early occurring feature of apoptosis, 31 was assessed by the binding of FITC-labeled Annexin V and exclusion of PI, according to the manufacturer's recommendations (Annexin V-FITC kit, Bender MedSystems, Vienna, Austria), followed by analysis with a FACScan flow cytometer (Becton Dickinson). Additionally, cellular morphology was evaluated for features of apoptosis using bright-field phase contrast microscopy. To detect the early stage of DNA fragmentation, labeling of DNA strand breaks with terminal transferase (TUNEL) were performed. The staining procedure was carried out according to the manufacturer's recommendations (In situ Cell Death Detection Kit, Roche), followed by analysis with a FACScan flow cytometer (Becton Dickinson). As a negative control, cells were incubated with fluorescein-labeled nucleotides without terminal transferase. For assessment of advanced fragmentation of DNA (a marker of advanced apoptosis), genomic DNA was isolated by standard phenol:chloroform extraction and samples corresponding to 10 6 PMNs were analyzed in 1.5% agarose gel electrophoresis as described previously. 45 Purification and activation of gingipains. Arginine-specific (HRgpA and RgpB) and lysine-specific (Kgp) gingipains were purified from the P. gingivalis HG66 strain culture fluid as described previously. 46, 47 Purity of each enzyme was checked by SDS-PAGE. The amount of active enzyme in purified gingipains was determined by active site titration using Phe-Pro-Arg-chloromethyl ketone and Z-FKck as active site titrants for Rgps and Kgp, respectively. 48 The same inhibitors were used to obtain inactivated gingipains with covalently modified active site cysteine residues.
As cysteine proteinases, gingipains require pretreatment with a reducing agent to become active enzymes. Therefore, stock solutions of gingipains were diluted in 20 mM HEPES, 5 mM CaCl 2 , pH 8.0, supplemented with 10 mM cysteine to a final enzyme concentration of 1.2 mM and incubated at 371C for 15 min. The activated gingipains were then diluted 1 : 1 (v/v) with culture media to obtain a 600 nM working solution and diluted to appropriate final concentrations using media and cell suspensions.
Clostripain activation. Lyophilized clostripain from Clostridium histolyticum (Sigma) was dissolved in 1 mM CaCl 2 in H 2 O at 2 mg/ml, aliquoted and stored frozen. Before use, the enzyme was diluted 50-fold in 1 mM CaCl 2 supplemented with 2.5 mM DTT and activated at 371C for 2 h. The activated clostripain was then diluted 1 : 1 (v/v) with medium to obtain a 20 mg/ml working solution, which was mixed 1 : 1 (v/v) with cell suspensions.
Treatment of PMNs with proteinases. PMNs (15 Â 10 6 /ml), either fresh or apoptotic, were suspended in RPMI 1640 supplemented with L-glutamine (2 mM), gentamycin (50 mg/ml), and human serum (10%) or BSA (0.5%). Cells were incubated for 1 h at 371C with activated, nonactivated or active site blocked gingipains (at final concentration of 300 nM), activated or nonactivated clostripain (200 nM), CG (0.1, 1.0, and 10 mM), NE (0.1, 0.5, and 2 mM), thrombin (50 nM) (Calbiochem), and trypsin (4 mM) (Gibco) along with appropriate untreated controls in a humidified atmosphere containing 5% CO 2 . After the incubation, PMNs were washed once in complete medium, harvested by centrifugation (280 Â g, 10 min, 41C) and resuspended in the complete medium, and subjected to phagocytosis by macrophages (hMDM) at a ratio of 20 : 1 (PMN : hMDM).
Phagocytosis of PMNs: MPO assay. A suspension of 2 Â 10 6 apoptotic or fresh PMNs in complete medium was added to hMDM at the hMDM : PMN ratio in the range from 1 : 0.4 to 1 : 100 in a 24-well culture plate and incubated for 2 h in a humidified atmosphere containing 5% CO 2 at 371C. The monolayer was then washed vigorously with ice-cold PBS to remove unphagocytosed PMN, including those that were only macrophage-surface associated. The hMDM monolayer was fixed at room temperature with 2.5% glutaraldehyde for 15 min, washed twice with PBS and treated with a 1 : 1 (v : v) solution of dianisidine (1.25 mg/ml), and 0.05% H 2 O 2 to detect PMN-derived MPO activity serving as a marker for ingested PMNs. The dianisidine/H 2 O 2 solution was then replaced with PBS and the number of phagocytosed PMN per 100 macrophages per well was counted using a contrastphase microscopy at Â 40 magnification. The phagocytic index was calculated as the mean percentage of macrophage participating in PMN phagocytosis in replicated wells.
Phagocytosis of PMNs: elastase activity assay. Incubation of macrophages with PMNs was performed as described above. After washing off nonengulfed PMNs, the macrophages monolayer was lysed with 0.1% hexadecyltrimethyl ammonium bromide (CTAB) at 371C for 15 min. Lysate (100 ml) was transferred to a 96-well plate with four replicates, followed by the addition of 100 ml of 1mM solution of N-methoxysuccinyl-Ala-Ala-Pro-Val-pnitroanilide in 0.2 M Tris-HCl, pH 7.5. Hydrolysis of the substrate by PMN elastase was measured as the increase in absorbance at 405 nm after incubation at 371C for 30 min using a microplate reader (Molecular Devices, Sunnyvale, CA, USA). The activity was expressed as an increase in absorbance at OD 405 nm in milliunits per min (mOD 405 nm /min). As a positive control, various numbers of PMN were added to wells with adherent macrophages, the mixture lysed with detergent (0.1% CTAB) (Sigma) and the lysate assayed for PMN elastase activity. In addition, the lysates of the macrophage monolayer, which had not been exposed to PMN, were used in each experiment as a negative control. Routinely, macrophages alone were found negative for elastase activity.
Phagocytosis of PMNs: flow cytometry, confocal microscopy, and TEM. Instantly after isolation, PMNs were labeled with PKH26 (red), according to the manufacturer's protocol (Sigma Chemical Co.). Cells were used directly after staining or cultured to undergo apoptosis. Treatment of PMNs with gingipains and incubation with macrophages were performed as described above. After washing off nonengulfed PMNs, macrophages were detached by a routine trypsinization procedure with trypsin/EDTA solution (Invitrogen) and collected for flow cytometry analysis (FACScan, Becton Dickinson). Phagocytosis of apoptotic and fresh PMNs was determined by the presence of PKH26-positive cells within macrophage population defined by FSC/SSC signals. A similar procedure, excluding trypsinization, was used for the confocal microscopy analysis. Briefly, macrophages cultured on coverslips were co-incubated with PKH26-labeled PMNs. After washing off nonengulfed PMNs, cell were fixed with paraformaldehyde and analyzed using a Bio-Rad MRC1024 confocal microscope equipped with an Ar-Kr laser (ALC). A PlanApo 60 Â NA1.4 oil immersion lens was used.
For TEM analysis, the trypsinized MDMs were fixed at room temperature with 2.5% glutaraldehyde in 0.1 M PBS buffer at pH 7.4 for 60 min. After rinsing with 0.1 M PBS, (24 h) cells were postfixed with 1% osmium tetroxide for 100 min. After dehydration in an ethanol gradient and propylene oxide, the cells were embedded in Epon resin. Ultrathin sections were cut with LKB-NOVA microtome and subsequently, counterstained with 9% uranyl acetate in alcoholic solution and Reynolds solution. The sections were examined and photographed in a JEM 1200 EX electron microscope at 80 kV.
Phagocytosis of PMNs: TUNEL and flow cytometry. In order to determine phagocytosis of apoptotic PMNs, TUNEL labeling was performed on fixed and permeabilized macrophages fed with neutrophils. Treatment of PMNs with gingipains and incubation with macrophages were performed as described above. After washing off nonengulfed PMNs, macrophages were detached by routine trypsinization with trypsin/EDTA (Invitrogen), collected, and centrifuged. TUNEL reactions were then performed according to the manufacturer's recommendations (In Situ Cell Death Detection Kit, Roche). Samples were analyzed using a FACScan flow cytometer (Becton Dickinson). As a negative control, cells were incubated with fluorescein-labeled nucleotides without terminal transferase. Phagocytosis of Effects of mAbs. Both partners in phagocytosis were pretreated with specific mAbs to block either the receptor on hMDMs or the recognition signal on target cells. All experiments were performed at the 1 : 20 (hMDMs : PMN) ratio. hMDM in 24-well plates were washed and the following mAbs in 0.5 ml of RPMI 1640 supplemented with L-glutamine (2 mM), gentamycin (50 mg/ml), and BSA (0.5%) were added to each well at the indicated final concentration: anti-CD36 (Becton Dickinson, clone CB38, 100 mg/ml); anti-TSP (Lab Vision Co. Clone A4.1, 100 mg/ml); anti-CRT (Becton Dickinson, clone 16, 10 mg/ml); anti-CD14 (Monosan, clone MEM-18, 2 mg/ml). The plates were incubated for 30 min at 41C, followed by the phagocytosis assay performed with standard conditions. Similarly, to block ICAM3 as a ligand for recognition and uptake by hMDMs, PMN suspension of fresh, or apoptotic cells, or proteinase-pretreated cells at a density of 2 Â 10 7 cells/ml in RPMI 1640 supplemented with L-glutamine (2 mM), gentamycin (50 mg/ml), and BSA (0.5%) was preincubated with anti-ICAM3 mAb (Calbiochem, clone 186-2G9, 40 mg/ml) for 30 min at 41C and PMN uptake by hMDMs was determined using standard conditions.
Effects of PAR-2 agonist peptide and soluble inhibitors of apoptotic cell uptake. The synthetic PAR-2 agonist peptide H-SLIGKV-NH 2 , corresponding to the tethered ligand (a kind gift from Dr Rob Pike, Monash University, Australia) and various inhibitors of apoptotic cells uptake were used to pretreat interacting cells and/or were included in the interaction medium. The PAR-2 agonist peptide (100 nM), methylamine-treated a 2 macroglobulin (a 2 M*) (100 mg/ml) (Athens Research and Technology, Athens, GA, USA), sCD91 (10 mg/ml) (BioMac GmbH, Leipzig, Germany), tetrapeptide RGDS (2 mM), and the control peptide RGES (2 mM) (both from Sigma) were made up in RPMI 1640 before being added to the hMDMs to achieve the concentration listed above. hMDMs were incubated for 30 min at 41C before PMNs were added for phagocytosis at the 1 : 20 (hMDM : PMN) ratio. PS or PC (Avanti Polar Lipids Inc.) liposomes were freshly prepared from lyophilized stock by resuspension in PBS and brief sonication (a hand-held sonicator, model UP50H, Dr Hielscher GmbH, 10 Â 1 s pulse, 50 W, 30 kHz). The final concentration in culture media was 10 mM.
Immunofluorescence staining of PMNs and flow cytometry analysis. For staining with anti-CD31, PMNs (2 Â 10 5 /sample) were resuspended in PBS/0.5%BSA and incubated with PE-conjugated anti-CD31 mAb or isotype control (both from BD Pharmingen) for 30 min at 41C. After washing with cold PBS/0.5%BSA, the cells were resuspended in 400 ml of PBS/0.5%BSA and analyzed by flow cytometry. Flow cytometry analysis was performed using a FACScan cytometer (Becton Dickinson). Forward and side scatter signals were used to gate for morphologically normal PMNs and 10 4 cells were acquired. The analysis was performed using the CellQuest program to determine the percentage and mean fluorescence intensity of positive cells.
Cell culture and measurement of TNF-a concentration. For the cytokine production assay, hMDM were cultured in a 24-well plate (1 Â 10 5 cells per well) in a humidified atmosphere containing 5% CO 2 at 371C. In some cultures, fresh or apoptotic PMNs, untreated or pretreated with RgpB were added (2 Â 10 6 / 0.5 ml/well). Additionally, macrophages were stimulated with LPS from Escherichia coli 0127:B8 (Sigma) at a final concentration of 2 ng/ml. After 18 h incubation, supernatants were collected and assayed for TNF-a concentration by ELISA using an OptEIA TNF Set (Pharmingen), according to the instructions provided with the set of antibodies. The assay was sensitive down to a TNF-a concentration of 7 pg/ml.
Statistics. The data are presented as means7S.D. All statistics were calculated using GraphPad Prism (version 2.0; GraphPad, San Diego, CA, USA). Non-parametric tests were applied throughout and calculated P-values are shown in the figures. They reflect the statistical significance of the difference in comparison to appropriate control of nontreated cells unless indicated otherwise.
